Investigation of the mallee Eucalyptus rhodantha which has an irregular, protracted flowering period demonstrated that individual plants differ in fecundity and phenology and that allele frequencies in the pollen pool change during the flowering season. Allele frequencies of the pollen pool were estimated by several methods which either assumed temporal homogeneit1 or took flowering phenology into account. These allele frequencies were compared for their abilities to estimate r. The estimates of t based on allele frequencies which took phenology into account were not consistently higher or better than those that did not at any of the four loci surveyed. Changes in the allele frequencies of the pollen pool during the flowering season may contribute to variation between some single-locus estimates of t in E. rhodantha which assume temporal homogeneity, but it was concluded that they are not the major cause of bias.
INTRODUCTION
Many quantitative studies of plant mating systems and all investigations of mating systems in Eucalyp- tus have been based on the mixed mating model in which all matings are classified as either random outcrosses or self-pollinations (Fyfe and Bailey, 1951) . A principal assumption of this model is that the outcross pollen pool is genetically homogeneous over maternal parents (Brown and Allard, 1970) so that violation of this assumption occurs if there is temporal or spatial heterogeneity in the distribution of genotypes in the population (Ennos and Clegg, 1982; Schoen and Clegg, 1984) . Such violations may lead to significant differences in estimates of the outcrossing rate (1) for different loci and underestimates of I using single locus estimation procedures (Ennos and Clegg, 1982; Bijlsma et a!., 1986) .
If alleles of marker loci affect or are associated with alleles that affect flowering time then temporal heterogeneity in allele frequencies for these loci in both the ovule and pollen pools may result (Bijlsma et a!., 1986 ) and lead to variation in estimates of mating system parameters (Stam, 1983; Yeh et al., 1983; Bijlsma et a!., 1986; O'Malley and Bawa, 1 Present address: Department of Forest Science, University of Alberta, Edmonton, Canada, T6G 2H1. 1987). Temporal flowering differences have been observed in several plant species (e.g., Frankie et a!., 1974; Stern and Roche, 1974; Bawa, 1983; Handel and Le Vie Mishkin, 1984; Wheelwright, 1985) including eucalypts (Florence, 1964; Ashton, 1975) . Fripp et a!. (1987) developed a method for taking inter-plant variation in flowering phenology and fecundity into account when estimating allele frequencies in the outcross pollen pool of the massflowering, preferentially outcrossing and predominantly insect-pollinated forest tree Eucalyptus regnans F. Muell. These workers found that when fecundity and flowering phenology were taken into account, allele frequencies at three loci in the outcross pollen pool varied over time but that the temporal heterogeneity did not have a major effect on single-locus maximum likelihood estimates of the level of outcrossing. They suggested that biases introduced by assuming homogeneity of pollen pool allele frequencies may be more severe in plants with more irregular or protracted flowering periods than E. regnans.
Eucalyptus rhodantha Blakely and Steedman is unusual amongst eucalypts in that it produces very few (1-56) open flowers on each plant even at peak flowering, the flowers are large (up to 75 cm across) and birds are the main pollinators (McNee, 1986 ). Sampson et al. (1989) reported variation between single-locus estimates of I based on different loci, heterogeneity of pollen pool allele frequencies between trees with the same maternal genotype and multilocus estimates of I which exceed mean single-locus estimates in this species. Both temporal and spatial heterogeneity of pollen pool allele frequencies over maternal plants were suggested as possible factors contributing to this variation in estimates.
In this study, temporal changes in allele frequencies in the pollen pool of a sample of E. rhodantha plants over a flowering season are described. This investigation was undertaken to determine whether such changes are potentially a significant source of bias in estimates of outcrossing based upon the assumption of temporal homogeneity of pollen pool allele frequencies in E. rhodantha.
MATERIALS AND METHODS
Twenty five plants were selected for study. These plants form part of a remnant of 80 ha of uncleared vegetation containing two stands of E. rhodantha and were selected to duplicate the sample used in a previous investigation of mating system parameters (Sampson et a!., 1989) . The distribution of plants within the study area is shown in fig. 1 and has been described in more detail in Sampson eta!. (1989) . Flowering phenology within this stand had been monitored over three years and plants were known to differ in the number of flowers they produce and the time of onset, maximum and final flowering (McNee, 1986) . The flowering time differences also appeared to be consistent over years although the total numbers of flowers varied widely betweeen years.
The number of flowers releasing pollen on each plant was estimated by counting the number of flowers with their stamina! rings intact at approximately monthly intervals during 1986. In a detailed study of flowering phenology in E. rhodantha, McNee (1986) found that flowers were protandrous. Most of the pollen was shed from the anthers within six or seven days after anthesis whilst the stigma did not become receptive until about 12 days after anthesis. The stamina! ring remained intact for about ten days following the shedding of the operculum.
Flowers with dehisced staminal rings were tagged during the 1986 flowering season on 11 of the sampled plants. 1986 was a poor flowering season and very few mature fruit were produced.
Four or five fruit were collected from each of six plants in July 1987 , and the seed of each plant was bulked. Fifty seedlings with newly emerged cotyledons from each plant were assayed for four polymorphic loci: alcohol dehydrogenase (Adh-1), glutamate oxaloacetate transaminase (Got-i and Got-2) and malate dehydrogenase (Mdh-2) by methods described in Moran and Hopper (1983) . The genotypes of 24 plants from which pollen or seed were available had been determined previously for these loci by methods described in Sampson et a!. (1989) .
Estimation of pollen pool allele frequencies
Pollen pool allele frequencies were estimated for the sample plants by five procedures modified from those of Fripp et a!. (1987) .
(1) By a single-locus maximum likelihood estimation procedure based on the mixed mating model using the computer program of Ritland and Jam (1981) . This procedure jointly estimates pollen allele frequencies (pr) and the level of outcrossing (1). The data used were the observed genotype frequencies in progeny arrays from six of the 24 plants. and the number of flowers per plant (13).
(Adult genotypes + phenology+ fecundity). Methods (1), (2) and (3) assume that the allele frequencies are constant throughout the flowering season. Method (3) also assumed that the proportional contribution of each plant depends directly on its relative fecundity. Methods (1), (2) and (4) assume that each plant contributes the same amount of pollen to the pollen pool and method (5) assumes that each flower contributes the same amount of pollen to the pollen pool. The "mean" pollen pool allele frequencies over the entire season for methods (4) and (5) were calculated as the means of the frequencies at each recorded date.
Allele frequencies in the pollen pool at time (x) were estimated using formulae modified from those of Fripp et a!. (1987) . The formulae were developed for the mass flowering E. regnans where a beta frequency distribution was suggested to approximate the unimodal flowering of this eucalypt. Field observations indicate that the opening of flowers on E. rhodantha does not follow a unimodal pattern and direct counts of the number of flowers releasing pollen could be made for this species since it has relatively few open flowers at any one time. 13(x) the frequency of allele j at time x in the total pollen pool of the subpopulation was estimated as: The allele weighting, A is 2 if plant i is homozygous for allele j, 1 if it is heterozygous for allele j and 0 if it is homozygous or heterozygous for alleles other than j.
p(x) the frequency of allele j at time x in the pollen pool of plant i was estimated by:
k refers to the plant whose contribution to the outcross pollen pool of plant i is being estimated. Wik represents the relative contribution on the kth plant to the outcross pollen pool of plant i. Wit. =0 for k = i. The other (n -1) Wk values for each plant were set at one under the assumption that flowers from each plant contributed equally to the outcross pollen pool of every other plant in the stand.
Testing the fit of data to model assumptions An estimate of the outcrossing rate (t) based on the mixed mating model was obtained by maximum likelihood procedures for each of the five estimates of pollen pool allele frequency for each of the four loci. The assumptions of the mixed mating model are: (1) each mating event is the result of either a random outcross or self-fertilisation, (2) the probability of an outcross is independent of maternal genotype, (3) selection does not intervene between fertilisation and determination of the progeny genotypes, and usually, (4) outcross pollen pool allele frequencies are independent of maternal genotype. Method (1) jointly estimates I and pollen allele frequencies. For the remaining four methods the I giving the maximum likelihood were found by the method of Fripp et al. (1987) in which the expected genotype frequencies in the progeny were obtained using the conditional probabilities given in Clegg et a!. (1978) .
The goodness-of-fit of data with the model expectations may be detected using a x2 statistic (Ritland, 1983) but these data generated numerous expected numbers of progeny less than one and were therefore not suitable for such analyses.
Instead, the methods of calculating pollen allele frequencies were compared using the sum of log likelihoods for all plants (Kendall and Stuart, 1961; Fripp et al., 1987) . Approximately 67 per cent of flowers were estimated to have been releasing pollen between day 146 (May) and day 279 (September). The flowers were counted when they had intact staminal rings and were therefore aged between 0 and 10 days.
Since E. rhodantha flowers become receptive approximately 12 days after anthesis, the flowers would have become receptive between two and twelve days after being scored. It was estimated that approximately 68 per cent of the total season's flowers had receptive stigmas during this period. These observations were consistent with those of McNee (1986) .
Allele frequencies in the pollen pool Estimates of pollen pool allele frequencies at the Adh-1 locus made by method (1) differed substantially from those made by the other methods and estimates of allele frequencies changed over the flowering season when flowering phenology was taken into account (methods (4) and (5) For the Got-i locus, estimates of allele frequencies for the first record of the season was substantially different when phenology was taken into account (methods (4) and (5)). When fecundity or phenology was allowed for (methods (3-5)), the frequency of the rare Got-i 4 allele was estimated >. 
,,. For the Got-2 locus, allele frequencies estimated by methods (4) and (5) also changed during the flowing season. Estimates of the frequency of the rare Got-2 3 allele based on adult genotypes (method (2)) differed substantially from those estimated for the end of the season when phenology was taken into account. During the period when the bulk of pollinations would have occurred (days 146-279), all of the methods gave similar estimates except that the difference between the frequencies of the more common alleles became more pronounced at the end of this period when when both phenology and fecundity were taken into account (method (5)). Methods (2-5) gave similar estimates of allele frequencies for the Mdh-2 locus although when phenology was taken into account, the frequencies changed throughout the season. When I and p were jointly estimated (method (1)), the values of the Mdh-2 2 and Mdh-2 3 alleles differed substantially from those estimated by methods (2-5).
However, during the middle of the main pollination period, the frequencies estimated by methods (4) and (5) approached that of method (1).
Estimates of outcrossing rate Estimates of outcrossing rate (1) for the four loci are shown in tables 2-5. Estimates differed between loci and between methods of calculating allele Overall, means of the single-locus estimates were similar for the methods (2-5) (table 6) and higher than the mean of single locus estimate of I when it was jointly estimated with p.
Three plants (numbers 324, 22 and 207) have been identified by this study as having flowers Table 4 Estimates of outcrossing rate and total log likelihoods for the Got-2 locus based on five alternative methods of estimating allele frequencies in the outcross pollen pools. Methods described in text. Table 5 Estimates of outcrossing rate and total log likelihoods for the Mdh2 locus based on five alternative methods of estimating allele frequencies in the outcross pollen pools. Methods decribed in text. (McNee, 1986) , one might expect any bias to be apparent in randomly sampled seed.
Estimates of outcrossing rate based on ran- If estimates of I had been biased down by temporal heterogeneity in the pollen pool then one would expect some of this bias to be removed when the "late" plants were removed from calculations. The recalculated estimates of I although higher, were not significantly different from those made previously for all the plants.
The level of outcrossing found when I and p were jointly estimated for the Adh-1 locus was substantially lower than estimates made by any of 079 (008) 080 (008) Mdh-2 0-58 (009) 058 (009) Mean 058 (004) 060 (004) the other methods. The method 1 estimate, (I = 0.49), indicated predominant inbreeding rather than outbreeding and had a much larger log likelihood value. There were substantial improvements in the log likelihood values when p was estimated using the adult genotypes but using the information on fecundity and/or phenology to estimate pollen pool allele frequencies did not result in further substantial improvements. The multilocus estimate of outcrossing for the data collected in 1986 was 071 (s.e. 0.03). Since multilocus estimates of outcrossing rate are less affected by selection and non-random mating (Ritland and Jam, 1981) , the multilocus estimate is inferred to the "best" estimate of outcrossing for these data and provides a point of comparison for the single-locus estimates. For the Adh-1 locus, jointly estimating I and p (method (1)) led to an underestimate of I relative to the multilocus value whereas all other methods led to overestimates of Estimates of I for the Got-i locus were similar but improved when fecundity and/or phenology were taken into account. In this case the improvement appeared to be mainly due to better estimates for the "late" flowering plant number 222. The improved estimates did however not approach the multilocus estimate of I.
The estimates of t for the Got-2 locus for methods (2-5) were similar and lower than the method (1) estimate. The best likelihood was obtained by using adult genotypes to calculate pollen allele frequencies (method (2)) but method (1) gave the outcrossing rate closest to the multilocus estimate.
For the Mdh-2 locus, the estimates of t made by methods (2-5) were 100, suggesting random mating and were substantially higher than the estimates obtained using method (1) which jointly estimates I and pollen pool allele frequencies. The estimated frequencies of the most common and most rare alleles made by method (1) were less extreme than those for methods (2-5) ( fig. 6) . In contrast to the other loci, method (1) gave the best log likelihood for the Mdh-2 locus and the I most similar to the multilocus I. All other methods led to poorer predictions for this loci.s.
DISCUSSION
This investigation demonstrates that temporal heterogeneity in the allele frequencies of the pollen pool occurs during the flowering season of E. rhodantha. A similar observation was made for an isolated stand of the mass flowering forest tree E. regnans (Fripp et al., 1987) .
The methods used to estimate pollen gene frequencies had several limitations. First, flower counts were made at monthly intervals and the flowering of some plants may not have been detected. For example, method (1) (progeny arrays) and method (2) (adult genotypes) indicate that the Got-i 4 allele was present in the pollen pool at low frequencies. Methods that took phenology or fecundity into account did not detect this allele probably because flowering had occurred between the dates recorded or because the pollen carrying this allele came from outside this subpopulation.
Secondly, one of the assumptions of the estimation procedures was that the contribution of a plant to the pollen pool of another plant was independent of the distance between them and that the plants in the sample represented all the contributors to the pollen pool of any plant within it. This is unlikely to be true for some of the plants in the subpopulation. However, previous investigations suggest that gene flow within populations of E. rhodantha is restricted and that the area within the fence shown in fig. 1 contains several neighbourhoods (Sampson et al., 1989) . This is consistent with reports of neighbourhood areas and sizes for other plant species, which are often small (Crawford, 1984) . Furthermore, observations of mean flower-to-flower distances travelled by two pollinator species of E. rhodantha were 104 m and 159 m (McNee, 1986) . Even allowing for pollen carry-over, the surveyed plants should include the majority of contributors to the pollen pools of at least some of the plants from which progeny were sampled. The many similarities between allele frequency estimates based on progeny arrays (method (1)) or on adult genotypes (methods 2-5) support this suggestion.
Despite the above limitations, the estimates of pollen pool allele frequencies suggest that temporal heterogeneity may be a source of bias in estimates of I that assume temporal homogeneity of pollen pool allele frequencies. In an expermental population of Zea mays L., Bijlsma et a!. (1986) found that temporal variation in the allele frequencies of the pollen pool may have contributed to low estimates of I at two marker loci that themselves affect time of flowering or are associated with alleles of loci that affect time of flowering. In contrast, Fripp et al. (1987) found no evidence of biased single-locus I estimates due to the demonstrated temporal heterogeneity of allele frequencies in E. regnans.
As in the E. regnans study, taking temporal heterogeneity into account did not always result in higher or improved estimates of t in E. rhodantha and in only one case (Got-I) could an improvement be attributed to a better estimate for a late-flowering plant. Furthermore, the better estimates were sometimes lower. This is contrary to expectations if the improvements were the result of removal of bias caused by the assumption of temporal homogeneity of allele frequencies in the pollen pool. It is therefore not surprising that improved estimates of I were sometimes obtained when the method used to calculate pollen pool allele frequencies allowed for fecundity but not phenology.
The effect of the temporal heterogeneity of allele frequencies in the sampled E. rhodantha was also examined by identifying plants whose stigmas were likely to sample a pollen pool different to that of the majority of plants ("late" plants) and, using data presented in Sampson et a!. (1989) , recalculating I without these "late" plants. If these "late" plants consistently sampled different pollen pools over several years then, assuming any effects were not negated by selection before the point of assay, one would expect the downward bias to be apparent in these data. Estimates were lower for three loci (Adh-i, Got-i and Got-2) but the differences were not significant.
If there is temporal heterogeneity in the pollen pool then one would also expect such heterogeneity to be evident in the progeny arrays of homozygous maternal plants if the "late" plants were within this sample. Plants 222 and 207 were both Got-i 11 homozygotes but no significant heterogeneity was detected in the pollen pool of plants homozygous at this locus in the study by Sampson et a!. (1989) . Overall, these findings indicate that temporal heterogeneity of allele frequencies in the pollen pool over the flowing season may have contributed to variation and downward bias in single-locus estimates of I in E. rhodantha at some loci but it does not account for the majority of the variation observed. Taking phenology and fecundity into account may lead to improvements in estimates for single loci but when a mean value is determined from several loci, the additional information on temporal heterogeneity seems unlikely to lead to any substantial improvements.
The findings of this investigation of the mallee E. rhodantha with its protracted, irregular flowering period are therefore similar to those of Fripp et a!. (1987) for the mass-flowering forest tree, E. regnans although the two species have different flowering phenologies. Making observations of flowering phenology is useful to identify plants that may be potential sources of error in estimates of t which assume homogeneity of pollen pool allele frequencies. However, temporal variation in pollen pool allele frequencies is probably not a major source of bias in single-locus estimate I in E. rhodantha.
